Introduction
============

As one of the most common cancers in the world, lung cancer causes over 1.4 million deaths per year.[@b1-ott-12-1401] In People's Republic of China, lung cancer replaced liver cancer as the number one cause of death among people with malignant tumors in 2008.[@b2-ott-12-1401] Although advances in surgery, radiotherapy, and chemotherapy have been made, the mean age-adjusted 5-year survival rate for lung cancer remains very low at 12.5%.[@b3-ott-12-1401] Therefore, novel anti-lung cancer drugs with remarkable effects are very important and necessary.

Chinese herbs have good effects on cancer treatment with little side effects, and have been wildly used for treating esophageal cancer in combination with radiotherapy.[@b4-ott-12-1401] *Radix Tetrastigma hemsleyani* (RTH) is an important folk medicinal plant in People's Republic of China that has been used as an anticancer drug in various cancers.[@b5-ott-12-1401] Clinical studies have shown that flavonoids may have great implications in the prevention and treatment of cancer in humans.[@b6-ott-12-1401],[@b7-ott-12-1401] Component analyses showed that RTH is rich in flavones, and RTH flavone (RTHF) has good in vivo and in vitro effects on various cancers, including lung cancer.[@b8-ott-12-1401],[@b9-ott-12-1401] However, its antitumor mechanism and related regulatory pathway are still uncertain.

miRNAs are non-coding RNAs of length 20--22 nucleotides that bind to the 3′-UTRs of cognate mRNAs to negatively regulate them.[@b10-ott-12-1401],[@b11-ott-12-1401] miRNAs have been found to modulate cell growth and death.[@b12-ott-12-1401] Depending upon the nature of their target gene(s), miRNAs may function as tumor suppressors or oncogenes by downregulating target mRNAs. In our previous studies, expression changes of miRNAs in RTHF-treated A549 cells were analyzed using miRNA-seq techniques, and 162 miRNAs were found to be differentially expressed after RTHF treatment.[@b13-ott-12-1401] Among the differentially expressed miR-NAs (DE-miRNAs), miR-4792 was found to be upregulated 6.65-fold, and previous studies have found its participation in numerous biological processes of many cancers by targeting a broad set of cell factors.[@b13-ott-12-1401] Therefore, miR-4792 has the potential to become one of the important potential therapeutic agents for lung cancer by many drugs such as RTHF.

In this study, to further explore whether the upregulated expression of miR-4792 was related to the anticancer effects of RTHF on A549 cells, we analyzed the effect of RTHF treatment involved in inhibition of cell proliferation and invasion, cell cycle arrest, and apoptosis induction. Moreover, target genes of miR-4792 were predicted and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of those target genes were performed. Additionally, we determined whether *FOXC1* was a target gene of miR-4792 in RTHF-treated A549 cells and the relation between miR-4792 and some apoptotic-related proteins. Finally, changes in Ca^2+^ levels of different treatment groups of A549 cells were analyzed.

Materials and methods
=====================

Reagents and antibodies
-----------------------

RTH is a triennial artificial plant obtained from Zhejiang Dou Dou Bao traditional Chinese Medicine Research Co., Ltd (Taizhou, People's Republic of China), and was authenticated by Professor Jinbao Pu (Zhejiang Academy of Traditional Chinese Medicine). Three hundred grams of dried RTH was extracted with 75% ethanol (4.5 L) at 80°C for 1.5 hours twice and filtered. All the resulting extract filtrations were freeze-dried to power and the power was diluted with distilled water. Then the water solution was purified by refining through water-saturated *n*-butanol and D101 microporous adsorption resin. The purified extract was freeze-dried to RTHF power and then dissolved in Roswell Park Memorial Institute 1640 culture medium to 10 mg/mL and finally filtered through a 0.45 µm filter for use. In our previous experiments, through chemical composition analysis by HPLC--mass spectrometry (MS) and HPLC--MS/MS, we found that RTHF used in this study mainly included six foregone active substances, including kaempferol (PubChem CID: 5280823, 12.57%), kaempferol-3-*O*-neohesperidoside (PubChem CID: 44575467, 19.11%), malvidin-3-glucoside (PubChem CID: 443652, 10.23%), myricitrin (PubChem CID: 5281673, 8.56%), baohuoside (PubChem CID: 5488822, 9.98%), and isoschaftoside (PubChem CID: 3084995, 13.28%).[@b13-ott-12-1401]

FBS (10099), DMEM (31966), antibiotic--antimycotic (15240-112), PBS (10010-049, pH 7.4), trypsin-EDTA (25300-054, 0.05%), Lipofectamine^®^ 2000 Transfection Reagent (11668-019), and Opti-MEM^®^ I Reduced Serum Medium (31985-062) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cell Counting Kit-8 (CCK-8; 20140419) was purchased from 7 Sea Biotech (Shanghai, People's Republic of China), and Transwell invasion chamber (3422) and Matrigel gel (356234) were purchased from Corning Incorporated (Corning, NY, USA). Calcium colorimetric assay kit (C004-2) was purchased from Jiancheng Biotech (Nanjing, People's Republic of China). The miR-4792 mimics and the miR-4792 inhibitor were purchased from GenePharma Company (Shanghai, People's Republic of China).

Cell lines and culture
----------------------

Human lung cancer A549 cells were obtained from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science, and ethical permission was not required to use these cell lines in this study. A549 cells were cultured in low-sugar DMEM medium supplemented with 10% (v/v) heat-inactivated FBS and 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C in a humidified incubator with 5% CO~2~. Cells were passaged every 2--3 days and used at 80%--90% confluency.

Transfection and treatment of cell lines
----------------------------------------

Cells were seeded at a density of 5×10^3^ cells/well in a 96-well plate. Cells were then subjected to various methods to establish the different groups, including miRNA negative control (NC) group (cells transfected with NC miRNA and used as the control group), miR-4792 mimics group (cells transfected with miR-4792 mimics), RTHF + miRNA NC group (cells treated with RTHF after transfection with miRNA NC), and RTHF + miR-4792 inhibitor group (cells treated with RTHF after transfection with miR-4792 inhibitor). The miRNA alignment of the different transfection groups is shown in [Table 1](#t1-ott-12-1401){ref-type="table"}.

A549 cells transfected with miRNA mimics, inhibitor, or miRNA NC were used at 50 nM concentration, and Lipofectamine 2000 (Thermo Fisher Scientific) was used for all transfections following the manufacturer's suggestions. After transfection, A549 cells of RTHF + miRNA NC group and RTHF + miR-4792 inhibitor group were treated with 2 µg/mL RTHF for 48 hours. Each treatment was repeated six times.

Cell viability assay
--------------------

The effect of RTHF on A549 cell growth was examined using CCK-8 assay (7 Sea Biotech) following the manufacturer's protocol. After differential exposure for 48 hours, 10 µL of WST-8 was added to each well and allowed to incubate for 4 hours at 37°C. Finally, the absorbance reading of each well was detected with microplate reader at 450 nm (Sigma 1-15K; Thermo Fisher Scientific). Decrease in the absorbance indicates increased cytotoxicity. The percentage of viable cells was estimated by comparison with untreated control cells.

Cell invasion assays
--------------------

The cell invasion assay was performed in 24-Transwell chambers (Corning Incorporated). Chambers with 8 µm membrane filter pore size were coated with 80 µL Matrigel (0.8 mg/mL; BD Biosciences, San Jose, CA, USA) Matrigel. After transfection for 48 hours, cells were digested with trypsin and resuspended and adjusted to a density of 1×10^5^/mL using DMEM medium. After that, 0.2 mL of the suspended cells was inoculated into Transwell. In addition, cells of the RTHF + miRNA NC group and RTHF + miR-4792 inhibitor group were also treated with 2 µg/mL of RTHF. The lower chamber was filled with 0.6 mL of complete culture medium and then cultured at 37°C for 12 hours. After incubation for 12 hours, cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature, washed twice using PBS, and stained with 1 mL of 0.5% crystal violet for 1 hour. Finally, cells in the upper chamber were removed with a cotton swab, and the stained invasive cells were photographed and quantified from randomly chosen fields in an inverted microscope (CX23; Olympus Corporation, Tokyo, Japan). Each experiment was carried out in triplicate.

Cell cycle distribution and apoptosis assays
--------------------------------------------

After treatment, A549 cells of each group were digested with trypsin to prepare single-cell suspensions and the cell density was adjusted to 1×10^6^/mL. Cells were then washed twice with PBS and fixed by the slow addition of cold 70% ethanol to a total volume of 1 mL, and stored at 4°C overnight. After a gentle wash with cold 1× PBS, cells were resuspended in 1 mL propidium iodide (PI) staining solution (50 µg/mL PI, 0.2 mg/mL RNase A, and 0.1% Triton X-100) and allowed to react for 30 minutes at room temperature in the dark, before detection of cell cycle using flow cytometry (FACSCalibur; BD Biosciences).

After treatment, each group of A549 cells was centrifuged at 1,000 rpm for 5 minutes and the cell density was adjusted to 1×10^6^/mL with 1× Annexin V binding solution. One hundred microliters of cell suspensions were mixed with 5 µL of Annexin V-fluorescein isothiocyanate (FITC) and 5 µL PI solutions, and then allowed to react for 15 minutes at room temperature in the dark. Finally, 400 µL of 1× Annexin V binding solution was added before flow cytometry (FACS-Calibur; BD Biosciences) within 1 hour to detect cellular apoptosis.

Detection of Ca^2+^ concentration
---------------------------------

After treatment, the media were removed and cells were rinsed with calcium- and magnesium-free PBS. Cell solutions were then collected into 1.5 mL tubes and centrifuged at 1,000 rpm for 3 minutes. The cell density was adjusted to 5×10^6^/mL using calcium- and magnesium-free PBS and then incubated with 0.1% Triton X-100 for 15 minutes at room temperature. Ca^2+^ concentration of four samples was detected using Ca^2+^ test kits.

Prediction of target gene for miR-4792
--------------------------------------

The potential target genes of miR-4792 were predicted by three online tools, including miRDB (<http://www.mirdb.org/>), miRanda (<http://www.microrna.org/microrna/home.do>), and miRTarBase (<http://mirtarbase.mbc.nctu.edu.tw/php/index.php>).[@b14-ott-12-1401]--[@b16-ott-12-1401] Only the target genes identified by the three online analysis tools were considered as target genes of miR-4792 and were chosen for further analysis.

GO and KEGG enrichment analysis of target genes of miR-4792
-----------------------------------------------------------

For GO mapping, the GO terms for miR-4792 target genes based on homologies were extracted (<http://www.geneontology.org>). The GO enrichment analysis of miR-4792 target genes was performed using the GO seq R package, which corrected for miRNA length bias. GO terms with corrected *P*-values \<0.05 were considered to be significantly enriched. REVIGO was used for analysis of the enriched GO terms (<http://revigo.irb.hr/>); this program removes redundant GO terms and attempts to reflect the similarity of given terms based on semantic space34. The GO biological process category terms with the lowest *P*-values for enrichment in miR-4792 in the RTH-treated A549 cells were analyzed by REVIGO.

KEGG pathway terms for the miR-4792-predicted target genes were retrieved from the KEGG database (<http://www.genome.jp/kegg/>), and KOBAS software was used to test the statistical significance of the enrichment of miR-4792 target genes in KEGG pathways. A pathway with an false discovery rate (FDR) \<0.05 was defined as an enrichment pathway.

Western blotting analysis of FOXC1 and apoptotic-related proteins
-----------------------------------------------------------------

After extraction, the protein concentration was determined by the Lowry method. Protein lysates (40 µg) from each sample were subjected to SDS-PAGE on 12% acrylamide separating gels (25 mA) with a 4% acrylamide stacking gels (30 mA). The separated proteins were transferred to polyvinylidene fluoride membranes (150 mA for 2 hours). After transfer, the membranes were blocked with 5% non-fat dry milk in tris-buffered saline for 1 hour at room temperature, followed by incubation with primary antibodies (detection proteins 1:1,000; GAPDH 1:2,000) at 4°C overnight. Then they were incubated with secondary IRDye^®^ 800CW goat anti-rabbit IgG (H+L) (1:2,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 37°C for 1 hour. The membranes were finally washed three times with PBS before the target proteins on them were analyzed using Lipofectamine 2000 Transfection Reagent. GAPDH was chosen as an internal control, and the result of Western blot was measured as levels of grayscale intensity.

Statistical analysis
--------------------

SPSS 16.0 software was used to input and analyze the data. All measurement data from each group were expressed as mean ± SD $(\overline{x} \pm \text{SD})$. The measurement data of multiple groups were compared using the least significant difference method of one-way ANOVA, and *P*\<0.05 indicated statistically significant difference.

Results
=======

Effects of RTHF on the viability of A549 cells
----------------------------------------------

A549 cell proliferation in the different treatment groups is shown in [Figure 1A](#f1-ott-12-1401){ref-type="fig"}. There was a significant decrease in cell proliferation in the miR-4792 mimics and RTHF + miRNA NC groups compared to the control group (miRNA NC group), indicating that RTHF inhibited A549 cell proliferation by upregulating the expression of miR-4792, and the inhibition effect was similar to that of miR-4792 mimics. Compared to the RTHF + miRNA NC group in which only RTHF played a role in cell proliferation inhibition, cell proliferation in the RTHF + miR-4792 inhibitor group was significantly increased, suggesting that miR-4792 played a more important role than other DE-miRNAs found in our previous studies in the cell proliferation inhibition by RTHF.[@b13-ott-12-1401] The cell viability assays revealed that miR-4792 had effects on inhibiting cell proliferation, and suggested it might have played an important regulatory role in RTHF-mediated inhibition of A549 cell proliferation.

Changes in A549 cell invasion ability after differential treatments
-------------------------------------------------------------------

As shown in [Figure 2B](#f2-ott-12-1401){ref-type="fig"}, it is obvious that there were large differences in A549 cell invasion abilities of the different treatment groups. Cell count result revealed significant decrease in cell number of miR-4792 mimics and RTHF + miRNA NC groups compared to the miRNA NC group (*P*\<0.01; [Figure 1B and C](#f1-ott-12-1401){ref-type="fig"}); however, in comparison to RTHF + miRNA NC group, cell invasion ability of RTHF + miR-4792 inhibitor group was significantly increased (*P*\<0.01), demonstrating that the effect of RTHF on inhibiting cell invasion ability was significantly decreased after inhibition of miR-4792 in A549 cells. Hence, the invasion ability test results showed that upregulation of miR-4792 could inhibit cell invasion ability, and it might be involved in the RTHF-mediated inhibition of A549 cell invasion.

Cell cycle distribution and apoptosis of A549 cells after differential treatments
---------------------------------------------------------------------------------

Cell cycle of A549 cells in the different treatment groups was analyzed using flow cytometry ([Figure 2A](#f2-ott-12-1401){ref-type="fig"}). The proportion of cells in G1 phase of the cell cycle was significantly increased in miR-4792 mimics and RTHF + miRNA NC groups than miRNA NC group (*P*\<0.01). The proportion of cells in G1 phase of RTHF + miR-4792 inhibitor treatment group was more than in RTHF + miRNA NC group ([Figure 2B](#f2-ott-12-1401){ref-type="fig"}). Therefore, the result indicated that miR-4792 played a role in cell cycle arrest in A549 cells and could arrest A549 cells in the G1 phase. We conclude this might explain RTHF-induced cell cycle arrest at the G1 phase.

Further cytometric analysis using FITC-labeled Annexin V showed that apoptosis of A549 cells in the different treatment groups exhibited significant differences ([Figure 2C](#f2-ott-12-1401){ref-type="fig"}). As shown in [Figure 2D](#f2-ott-12-1401){ref-type="fig"}, the proportion of apoptotic cells was significantly increased in miR-4792 mimics, RTHF + miRNA NC, and RTHF + miR-4792 inhibitor groups than in miRNA NC group (*P*\<0.01). The proportion of apoptotic cells in the RTHF + miR-4792 inhibitor treatment group was less than in miR-4792 mimics and RTHF + miRNA NC groups; therefore, this apoptotic result indicated that upregulation of miR-4792 expression could enhance the apoptosis of A549 cells and miR-4792. Because the proportion of apoptotic cells in RTHF + miRNA NC group was higher than in miR-4792 mimics and RTHF + miR-4792 inhibitor groups, we conclude that miR-4792 potentially plays a role in lung cancer apoptosis and could be partly a reason for RTHF-induced apoptosis of A549 cells.

Target gene prediction of miR-4792
----------------------------------

The potential target genes of miR-4792 predicted using miRanda, miRDB, and miRTarBase online analysis tools are 343, 167, and 100. The genes identified as targets by the three analysis tools were selected. Finally, a total of 92 target genes were predicted. Detailed information on miR-4792 target genes is shown in [Table S1](#SD1-ott-12-1401){ref-type="supplementary-material"}.

GO and KEGG enrichment analysis of target genes of miR-4792
-----------------------------------------------------------

The results of the GO analysis of miR-4792 target genes are shown in [Figure 3A](#f3-ott-12-1401){ref-type="fig"} (top ten terms of each categories), and we found that the significantly enriched GO terms were mainly distributed in the cellular component and molecular function categories, and these functional processes were mainly involved in cytosol, cytoplasm, plasma membrane, protein binding, metal ion binding, ATP binding, and extracellular exosome. Data of all the enrichment GO terms are shown in [Table S2](#SD1-ott-12-1401){ref-type="supplementary-material"}.

By the analysis of KEGG pathways of the predicted target genes, we found that the predicted target genes of miR-4792 were significantly enriched in 31 pathways (*P*\<0.05). The top 15 statistically significant pathways are shown in [Figure 3B](#f3-ott-12-1401){ref-type="fig"}, and data of all the enrichment pathways are shown in [Table S3](#SD1-ott-12-1401){ref-type="supplementary-material"}.

Among the significantly enriched pathways, some play a pivotal role in cancer development and maintenance, such as vascular endothelial growth factor (VEGF) signaling pathway, calcium signaling pathway, p53 signaling pathway, chemokine signaling pathway, cAMP signaling pathway, and protein processing in the endoplasmic reticulum (ER).

Change in Ca^2+^ concentration of A549 cells
--------------------------------------------

Calcium signaling plays an important role in cancer progression by changing the Ca^2+^ levels in cells. To reveal the role of calcium signaling in A549 cells, we analyzed the changes of Ca^2+^ concentration after different treatments in A549 cells. As can be seen in [Figure 4A](#f4-ott-12-1401){ref-type="fig"}, Ca^2+^ concentration was significantly increased in A549 cells of miR-4792 mimics and RTHF + miRNA NC groups in contrast to miRNA NC group (*P*\<0.01), indicating that upregulation of miR-4792 may be the main target factor for RTHF to increase the Ca^2+^ concentration in A549 cells. In addition, Ca^2+^ concentration was significantly increased in RTHF + miRNA NC group than in RTHF + miR-4792 inhibitor group (*P*\<0.01). Therefore, we concluded that the upregulation of miR-4792 is one of the most important reasons for the increased Ca^2+^ levels in A549 cells, and RTHF could elevate Ca^2+^ levels in cells partly through upregulation of miR-4792.

Effect of RTHF on miR-4792-mediated expression of FOXC1 and apoptotic-related proteins
--------------------------------------------------------------------------------------

Although there were many studies about changes in miR-4792 expression in some cancers, a few studies have focused on its target genes. An important predicted target gene of miR-4792 with a high prediction score, *FOXC1* was found to play important roles in cell proliferation and in vitro migration of human non-small-cell lung carcinoma (NSCLC) cells by siRNA analysis. It was the only verified target gene of miR-4792 by reporter assay, quantitative PCR, and Western blot validation and indicated that miR-4792 targeted the gene in inhibition of epithelial--mesenchymal transition and invasion in nasopharyngeal carcinoma as reported in previous studies.[@b17-ott-12-1401],[@b18-ott-12-1401] Therefore, we evaluated the expression of FOXC1 protein level after RTHF treatment ([Figure 4B](#f4-ott-12-1401){ref-type="fig"}) by Western blot assay ([Table 2](#t2-ott-12-1401){ref-type="table"}) to examine whether the regulatory effect of miR-4792 was related to suppression of *FOXC1* in RTHF-treated A549 cells. The results showed that the expression of FOXC1 in A549 cells of miR-4792 mimics and RTHF + miRNA NC groups was significant it lower than in A549 cells of miRNA NC and RTHF + miR-4792 inhibitor groups. These results suggested that miR-4792 could also downregulate the expression of *FOXC1* in lung cancer A549 cells, which is consistent with the results of previous studies.[@b17-ott-12-1401] It is also clear that RTHF-induced downregulation of FOXC1 expression was through upregulating miR-4792 expression.

In [Figure 4C](#f4-ott-12-1401){ref-type="fig"}, we can see that the Ca^2+^ level has a certain negative correlation with the expression of FOXC1, and previous studies reported that knockdown of FOXC1 in TM1 cells changed the levels of key proteins in the Ca^2+^-directed exocytosis pathway, and FOXC1 regulates early cardiomyogenesis of embryonic stem cells by some pathways including calcium signaling pathway.[@b19-ott-12-1401]--[@b21-ott-12-1401] Our present result indicates that miR-4792 targets downregulation of *FOXC1* in lung cancer A549 cells via increase of A549 cell Ca^2+^ levels, which are closely related to Ca^2+^ channels and signal transduction.

In previous studies, Zhong et al have reported that RFHT induces apoptosis in A549 cells by modulating the mitogen-activated protein kinase (MAPK) pathway.[@b8-ott-12-1401] Therefore, the expression of some apoptotic-related proteins and important proteins in the MAPK pathway was analyzed in the present study to validate whether miR-4792 participates in the apoptotic induction of A549 cells by RTHF via MAPK pathway and determine the potential apoptotic mechanism. In [Figure 5](#f5-ott-12-1401){ref-type="fig"}, we see that compared to miRNA NC group, the expression of B-cell lymphoma-2 (Bcl2), caspase-3, caspase-9, phosphorylated c-Jun N-terminal kinase (p-JNK), and phosphorylated PKR-like endoplasmic reticulum kinase (p-pERK) decreased in miR-4792 mimics and RTHF + miRNA NC groups, while Bcl-2 Associated X Protein (Bax) and phosphorylated p38 (p-p38) showed the opposite trend, that is, they were increased in miR-4792 mimics and RTHF + miRNA NC groups. This Western blot result indicated that RTHF induces apoptosis in A549 cells by modulating some apoptotic-related proteins, and miR-4792 plays a significant role in RTHF-induced apoptosis of A549 cells.

Discussion
==========

RTH is an important Chinese traditional herb with detoxification and anti-inflammatory effects. In Chinese folk medicine, it is boiled/squeezed/extracted and used as functional soup/juice/nutraceutical for its health benefits including prevention of some chronic diseases, immunity enhancement, antioxidant ability, and protection of the liver from chemical injury.[@b5-ott-12-1401],[@b22-ott-12-1401] RTHF has been considered the most significant bioactive constituent and found to have good anticancer effects in different types of cancer.

In our previous studies, RTHF was found to have good effects on inhibiting proliferation and invasion, cell cycle arrest, and inducing apoptosis of A549 cells. miRNA expression analysis using miRNA-seq techniques revealed significant differential expression of 162 miRNAs after RTHF treatment. Among the differentially expressed miRNAs, miR-4792 was upregulated 6.65 times in RTHF-treated A549 cells, suggesting that miR-4792 can become an important anticancer agent for lung cancer therapy, similar to other miRNAs that are candidates for being anticancer agents.[@b13-ott-12-1401],[@b21-ott-12-1401] In this study, the mechanism by which miR-4792 regulates RTHF to inhibit proliferation, invasion, and induce apoptosis of A549 cells and its main targeting genes were further explored.

Numerous studies have shown that miR-4792 is involved in different cellular processes such as differentiation, apoptosis, senescence, and metabolism.[@b23-ott-12-1401],[@b24-ott-12-1401] In our study, miRNA mimic and inhibitor experiments indicated miR-4792 plays important roles in inhibiting cell proliferation and invasion and inducing cell cycle arrest and apoptosis in RTHF-treated A549 cells, suggesting that miR-4792 is a key regulatory factor of RTHF-mediated inhibition of cell proliferation and invasion, cell cycle arrest, and induction of apoptosis of A549 cells.

miRNAs are a large class of small regulatory RNAs known to directly and negatively regulate the expression of a large fraction of all protein-encoding genes.[@b25-ott-12-1401],[@b26-ott-12-1401] As one important type of potential regulators of gene expression, miRNAs play a critical role in cancer development and progression by regulating functionally related gene networks.[@b27-ott-12-1401] In this study, target genes of miR-4792 were predicted using three target data sets, miRDB, miRTarBase, and miRanda, and then all target genes were analyzed further by GO term analysis and KEGG pathway analysis.

KEGG analysis result showed that target genes of miR-4792 were enriched in 31 pathways. Also, some of them have been found to play a critical role in the development of cancer, including VEGF signaling pathway, calcium signaling pathway, p53 signaling pathway, chemokine signaling pathway, and protein processing in ER pathway.

VEGF signaling pathway has been associated with tumor development in many tumors and plays pivotal role in angiogenesis and metastasis in various malignant tumors, including lung cancer.[@b28-ott-12-1401],[@b29-ott-12-1401] p53 signaling pathway has been reported to be involved in the pathogenesis of cancer and in drug development programs, and p53 is an important nuclear transcription factor in this pathway, regulating the expression of \>100 target genes to initiate apoptosis, cell cycle arrest, DNA repair, cellular senescence, as well as differentiation.[@b30-ott-12-1401],[@b31-ott-12-1401] The dysregulation of Ca^2+^ homeostasis has been suggested as an important event in driving the expression of the malignant phenotypes such as proliferation, migration, invasion, and metastasis.[@b32-ott-12-1401] Changes in Ca^2+^ levels in RTHF-treated A549 cells may be related to regulation of calcium signaling pathway for signal transduction of some cancer development factors. De-regulated expression and activity of several chemokine signaling pathways have been implicated in cancer development and progression.[@b33-ott-12-1401] Chronic ER stress is increasingly being recognized as a factor in many human diseases such as diabetes, neurodegenerative disorders, and cancer.[@b34-ott-12-1401] The ER is an essential organelle in eukaryotic cells for the storage and regulated release of calcium and acts as the entrance to the secretory pathway.[@b35-ott-12-1401]

miR-4792 expression was found to be dysregulated in many kinds of cancers, including lung cancer, and little research has been done about its target genes related to cancer development regulation.[@b13-ott-12-1401],[@b17-ott-12-1401],[@b36-ott-12-1401],[@b37-ott-12-1401] Especially, FOXC1 was found to play important roles in cell proliferation and in vitro migration of human NSCLC cells by siRNA analysis,[@b18-ott-12-1401] and *FOXC1* is the only verified target gene of miR-4792 which has been reported in nasopharyngeal carcinoma and found to have a high prediction score in our bioinformatic analysis, therefore, *FOXC1* may be one important target gene of miR-4792 for regulating RTHF-treated A549 cells progress. FOXC1, as a member of the FOX protein family, is dysregulated in a number of human cancers, including lung cancer.[@b18-ott-12-1401] Recently, numerous types of miRNAs, including miR-204 in endometrial cancer, miR-133 in pituitary cancer, miR-495 in endometrial cancer, and miR-4792 in nasopharyngeal cancer, have been demonstrated to serve suppressive roles through inhibiting FOXC1 expression.[@b38-ott-12-1401]--[@b40-ott-12-1401] In regard to control of FOXC1 by miR-4792, Li et al found that miR-4792 inhibited epithelial--mesenchymal transition and invasion of carcinoma cells through direct interaction with the 3′-UTR of FOXC1 miRNA to repress its expression in nasopharyngeal carcinoma.[@b17-ott-12-1401] In our studies, FOXC1 also appeared as an important direct target of miR-4792 in lung cancer A549 cells, and Western blot analysis showed that miR-4792 negatively regulated FOXC1 expression, which is consistent with the findings of other studies.[@b41-ott-12-1401],[@b42-ott-12-1401] Therefore, we conclude that FOXC1 plays important roles in the process of miR-4792 regulating RTHF-mediated inhibition of cell proliferation and invasion, cell cycle arrest, and induction of apoptosis in A549 cells.

The ubiquitous second messenger, Ca^2+^, has been demonstrated to play an important role in cancer progression. Store-operated Ca^2+^ entry (SOCE) is the main Ca^2+^ entry pathway that regulates intracellular Ca^2+^ concentration in a variety of cancers.[@b43-ott-12-1401] Intracellular Ca^2+^ regulation is important for normal cellular homeostasis. Some studies have indicated that miRNAs could modulate intracellular Ca^2+^ levels in cancer cells by targeting many cellular factors.[@b43-ott-12-1401],[@b44-ott-12-1401] In our KEGG analysis of predicted target genes, calcium signaling pathway was a significantly enriched pathway of miR-4792-predicted target genes. Calcium signaling pathway was deciphered as a crucial mediator in development and it has been indicated can mediate cell development via regulated Ca^2+^ channels, including cancer development.[@b45-ott-12-1401],[@b46-ott-12-1401] Changes in Ca^2+^ levels was used for regulated Ca^2+^ channels to activate or inhibit some proteins played its role in cell development and miRNAs regulation of cell development, also including cancer cell development.[@b48-ott-12-1401],[@b49-ott-12-1401] Our finding is the first to uncover that miR-4792 could regulate intracellular Ca^2+^ levels in A549 cells in vitro, and Ca^2+^ levels' negative correlation with FOXC1 suggests miR-4792 may be involved in regulating the expression of FOXC1 via calcium signaling pathway by controlling the intracellular Ca^2+^ levels in A549 cells. RTHF increased intracellular Ca^2+^ levels in A549 cells by upregulating miR-4792; therefore, our results suggest that increased Ca^2+^ levels in A549 cells treated with RTHF are related to FOXC1 targeting by miR-4792.

It is obvious that miR-4792 played a more significant role in RTHF-induced A549 cells apoptosis, and previous studies reported that RTHF induced A549 cells apoptosis by modulating the MAPK pathway.[@b8-ott-12-1401] In our present study, Western blot analysis results showed that overexpressed miR-4792 promoted cell apoptosis probably by negatively regulating Bcl2, caspase-3, caspase-9, p-JNK, and p-pERK and positively regulating Bax and p-p38. Caspase-3 is the key point for cell apoptosis and its activity may thus serve as a good marker to monitor cell death. Caspase-9 is a critical regulator of mitochondria-mediated apoptosis.[@b49-ott-12-1401],[@b50-ott-12-1401] Bcl-2 protein is able to repress a number of apoptotic death programs, and the ratio of Bax/Bcl-2 plays a critical role in apoptosis of cells.[@b51-ott-12-1401]

The MAPK signaling pathway can induce cell proliferation, differentiation, and apoptosis. p-p38, p-JNK, and p-pERK are the three important proteins of the MAPK signaling pathway. They have been proven to play a crucial role in the cell survival and cellular apoptosis pathways.[@b52-ott-12-1401] Activation of the JNK/p38 signaling pathway has been confirmed to induce cells apoptosis by activating Bax,[@b53-ott-12-1401] and PERK is a kinase that can phosphorylate eukaryotic initiation factor 2a, thereby preventing general mRNA translation; nevertheless, translation of a small number of mRNAs will be preferentially induced under stress conditions.[@b54-ott-12-1401],[@b55-ott-12-1401] Therefore, upregulation of the expression of miR-4792 would result in modifications in the phosphorylation state of MAPKs; especially, p-p38, p-JNK, and p-pERK may play a main role in the RTHF-induced apoptotic effect in A549 cells.

Taken together, our findings suggest miR-4792 functions as a tumor suppressor in A549 cells by targeting FOXC1 and some apoptotic-related proteins, and could be one of the molecular mechanisms by which RTHF inhibited A549 cell proliferation and invasion and induced cell cycle arrest and apoptosis. Additionally, changes in intracellular Ca^2+^ levels may be related to regulation of FOXC1 and some apoptotic-related proteins by miR-4792 in A549 cells treated with RTHF. miR-4792 and miR-4792/FOXC1 pathway could, therefore, be novel potential therapeutic targets for lung cancer A549 cells.
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![A549 cell viability and invasion ability after different treatments.\
**Notes:** (**A**) A549 cell viability after different treatments. (**B**) Cell invasion ability of four different A549 cell groups. (**C**) Cell count of four different A549 cell groups. miRNA NC group: A549 cells transfected with NC miRNA; miR-4792 mimics group: A549 cells transfected with miR-4792 mimics; RTHF + miRNA NC group: A549 cells treated with RTHF after miRNA NC transfection; RTHF + miR-4792 inhibitor group: A549 cells treated with RTHF after miR-4792 inhibitor transfection. \*\**P*\<0.01 vs miRNA NC group; ^\#\#^*P*\<0.01 vs RTHF + miRNA NC group.\
**Abbreviations:** NC, negative control; RTHF, *Radix Tetrastigma hemsleyani* flavone.](ott-12-1401Fig1){#f1-ott-12-1401}

![Cell cycle distribution and cell apoptosis of A549 cells after different treatments.\
**Notes:** (**A**) Cell cycle of A549 cells in the different treatment groups using flow cytometry. (**B**) Graphical representation of the percentage of cell population in G1, S, and G2 phases. (**C**) Bivariate frequency distribution of Annexin V-FITC/PI two-parameter flow cytometry of A549 cells in the different treatment groups. (**D**) The percentage of apoptosis in the different treatment groups of A549 cells. \*\**P*\<0.01 vs miRNA NC group; ^\#\#^*P*\<0.01 vs RTHF + miRNA NC group.\
**Abbreviations:** FITC, fluorescein isothiocyanate; NC, negative control; PI, propidium iodide; RTHF, *Radix Tetrastigma hemsleyani* flavone.](ott-12-1401Fig2){#f2-ott-12-1401}

![GO and KEGG enrichment analysis of target genes of miR-4792.\
**Notes:** (**A**) GO enrichment analysis of target genes of miR-4792, BP, CC, and molecular function. (**B**) KEGG enrichment analysis of target genes of miR-4792.\
**Abbreviations:** AGE, advanced glycation end products; ALS, amyotrophic lateral sclerosis; BP, biological process; CC, cellular component; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; RAGE, receptor for advanced glycation endproducts; VEGF, vascular endothelial growth factor.](ott-12-1401Fig3){#f3-ott-12-1401}

![Effect of RTHF on miR-4792-mediated Ca^2+^ concentration and expression of FOXC1.\
**Notes:** (**A**) Changes in Ca^2+^ concentration in A549 cells in the different treatment groups. (**B**) Expression of FOXC1 in four different A549 cell groups. \*\**P*\<0.01 vs miRNA NC group; ^\#\#^*P*\<0.01 vs RTHF + miRNA NC group. (**C**) The relation between Ca^2+^ concentration and expression of FOXC1.\
**Abbreviations:** NC, negative control; RTHF, *Radix Tetrastigma hemsleyani* flavone.](ott-12-1401Fig4){#f4-ott-12-1401}

![Effect of RTHF on miR-4792--mediated apoptotic-related proteins and key proteins of MAPK signaling pathways.\
**Notes:** A, miRNA NC group: A549 cells transfected with NC miRNA. B, miR-4792 mimics group: A549 cells transfected with miR-4792 mimics. C, RTHF + miRNA NC group: A549 cells treated with RTHF after miRNA NC transfection. D, RTHF + miR-4792 inhibitor group: A549 cells treated with RTHF after miR-4792 inhibitor transfection.\
**Abbreviations:** NC, negative control; RTHF, *Radix Tetrastigma hemsleyani* flavone.](ott-12-1401Fig5){#f5-ott-12-1401}

###### 

miRNA alignment of differential transfection groups

  Name                 Alignment
  -------------------- -----------------------
                       
  miRNA NC             UGUGCCUAUGUGAUGAUGUAC
  miR-4792 mimics      CGGUGAGCGCUCGCUGGC
  miR-4792 inhibitor   GCCAGCGAGCGCUCACCG

**Abbreviation:** NC, negative control.

###### 

Grayscale analysis of FOXC1 protein in different treatment groups of A549 cells

  Protein group   A      B                                                 C                                                 D
  --------------- ------ ------------------------------------------------- ------------------------------------------------- ------
  FOXC1/GAPDH     0.38   0.08[a](#tfn3-ott-12-1401){ref-type="table-fn"}   0.11[a](#tfn3-ott-12-1401){ref-type="table-fn"}   0.37

**Notes:** A, miRNA NC group: A549 cells transfected with NC miRNA. B, miR-4792 mimics group: A549 cells transfected with miR-4792 mimics. C, RTHF + miRNA NC group: A549 cells treated with RTHF after transfection by miRNA NC. D, RTHF + miR-4792 inhibitor group: A549 cells treated with RTHF after transfection by miR-4792 inhibitor.

Expression compared to A (miRNA NC group): *P*\<0.01.

**Abbreviations:** NC, negative control; RTHF, *Radix Tetrastigma hemsleyani* flavone.
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